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INTRODUCTION
The isopod Saduria entomon (Linnaeus, 1758 ) is one of the most abundant crustacean representatives of the Baltic benthos, a member of a widely studied group of glacial relicts. Some data on genetic differentiation of S. entomon (Sell, 2003 (Sell, , 2006 are already available and indicates that the population from the Baltic Sea differs from populations from the Barents Sea and the White Sea.
The karyotypes of Isopoda and Amphipoda are highly symmetrical, characterized by the dominance of meta-and submetacentric chromosomes (Trentini and Corni, 1987; Natyaganova et al., 1996; Libertini and Krapp-Schickel, 2000) . Cytogenetic analyses of Isopoda indicate high polymorphism of its chromosome number from 2n 5 6 to 2n 5 72. Moreover, different levels of variability are observed within some families, e.g., the chromosome number is more stable within Idoteidae than in Asellidae. Salemaa and Heino (1990) published the first cytogenetic examination of S. entomon on male chromatin during spermatogenesis determining the haploid chromosome number n 5 30.
Isopoda exhibit all the main heterogametic systems with female (ZW) and male (XY) heterogamety, and monomorphism of sex chromosomes (Juchault and Rigaud, 1995; Siegismund, 2002) . Moreover, some hererogametic systems may coexist within suborders, or even families, e.g., terrestial Porcelionidae or Armadilliinidae (Juchault and Rigaud, 1995) . High level of polymorphism has been so far observed in the evolution of sex determination in species of isopods with heterosomes being both poor, and well differentiated. However, the majority of isopods show no morphologically distinguishable sex chromosomes as heterosomes. This poor differentiation of heterosomes is most likely linked to the fast evolution of sex determining mechanisms related to parasitic sex factors such as the bacterium Wolbachia in isopods, microsporidia and macrosporidia in amphipods, and the f-factor (non-bacterial feminizing factor) -all capable of forcing a chromosomal male to became a functional female (Rigaud et al., 1997; Caubert et al., 2000) . On the other hand, well-differenciated heterosomes observed in some species suggest more advanced evolution of sex-determining mechanisms. Taking into account a high intergeneric and a low intrageneric variability, and the coexistence of different sex mechanisms observed in Isopoda, elucidation of cytotaxonomic relationships might possibly occur in Valvifera, as presented for Baicalian asellids (Natyaganova, 1996) .
The objectives of this study were to analyse the diplotype of S. entomon from the Baltic Sea, establish its karyological formula, and employ chromosome markers such as nuclear organiser regions (NORs) in order to provide information about possible within-species variation in chromosomes numbers, and between-species variation in heterogamety in isopods.
MATERIALS AND METHODS
We collected sexually mature males S. entomon of about 5-8 cm length from two sites on the Gulf of Gdansk: H70 (54u37,700N, 18u50,500E), and H50 (54u35,30N, 18u54,40E) Organisms were kept in the laboratory under conditions similar to those from their natural habitat (7uC, 9 PSU) and fed for two months in order to promote gonad maturation. Injection of 200 ml of 0.01% colchicine solution in the pericardium of each individual with 2 ml syringes with sharp-edged needles was most effective to stop cell division at the metaphase stage. After 4 h of colchicine incubation, all testes were dissected and hypotonised in 0.9% sodium citrate solution for 45 min. Later the testes were fixed in 1:3 acetoethanol twice for 20 min, and twice for 10 min. Air drying and Giemsa staining was used for chromosome visualisation and karyotyping (Thiriot-Quiévreux and Ayraud, 1982) , and Ag-staining technique was used to identify secondary constrictions and satellites on already karyotyped metaphase plates (decoloured in different ethanol concentrations). The slides were treated with two drops of 1 ml 35% formaldehyde and 2 g of Serva gelatine dissolved in 100 ml of distilled water and four drops of 4 g of AgNO 3 JOURNAL OF CRUSTACEAN BIOLOGY, 30(4): 757-761, 2010 diluted to 8 ml of distilled water. Visualisation of AgNOR constrictions took place on the slide warmer at a temperature of 50uC (Howell and Black, 1980) . The Laboratory Universal Computer Image Analysis program (LUCIA) was used for measuring the lengths of chromosomes.
The following cytogenetic parameters were calculated: RL (relative length), CI (centromeric index) and AR (arm ratio). Karyotype was established according to decreasing value of RL and increasing value of AR (Levan et al., 1964) .
RESULTS
We analysed slides from gonads taken from 80 animals, from which we had 60 well-spread mitotic metaphases from 11 individuals and 30 well-spread meiotic metaphases from 6 specimens. In 88% of the analysed metaphase plates, the diploid chromosome number was 2n 5 60 ( Fig. 1) . In seven well-spread divisions (12%) from four individuals, the chromosome number were different: 2n 5 59 (4 metaphases from 2 individuals), 2n 5 58 (2 metaphases from 1 individual), and 2n 5 61 (1 metaphase from 1 individual).
Next, the karyotype was examined in 15 normal bestspread metaphases from 11 animals. These chromosomes were large (from 3.92 mm smallest subtelocentric up to 16.5 mm largest metacentric) and were classified into three types: meta-, submeta-, and subtelocentric. Four chromosome configurations were recognized and designated A to D. Configuration A was observed in 53% of the analysed metaphase plates and included 43 metacentric (m), 15 submetacentric (sm), and 2 subtelocentric (st) ( Table 1 , Fig. 2 ). Pattern B found in 33% of the analysed plates included 45 m, 14 s, and 1 st chromosomes. Two other chromosome configurations with frequency of 14% were noted: C with 47 m, 12 sm, 1 st; and D with 48 m, 11 sm, 1 st. The karyotype formula for S. entomon is established here for the first time: 56 (m + sm) + 2st + XX/XY. The occurrence of two morphologically different and repeatedly unpaired chromosomes classified as the biggest metacentric and the smallest submetacentric (subtelocentric in B-D patterns) was noted in mitotic metaphases. To confirm the occurrence of heterogamety in S. entomon, we analysed 30 meiotic metaphases from six specimens. Two different lines of spermatocytes division were observed and followed the pattern given below: n + X and n + Y (where n stays for autosomes). The first mode n + X was easily distinguished because of the occurrence of the biggest metacentric chromosome. The second configuration (n + Y) was characterised by the presence of the smallest submetacentric chromosome. Out of 30 analysed meiotic plates, 18 showed n + X pattern and 12 plates showed n + Y pattern. Thus, we found heterogamety in 53% of mitotic divisions and in all meiotic divisions (40% with chromosome Y, 60% with chromosome X). In addition, AgNORs were examined in 10 normal diploid metaphase plates and karyotypes were made from four well-spread metaphases. Variable numbers of AgNOR chromosomes were observed, most frequently the AgNORs were heterozygous and terminally located on the largest submetacentric pair no 22 (70%). The karyogram of S. entomon with AgNOR bearing chromosomes was also established (Fig. 3) .
DISCUSSION
We confirmed the presence of unpaired chromosomes by both the analysis of mitotic (only one division line XY), and meiotic metaphases (gametes with X or Y). The internal sexual dimorphism existing in S. entomon was thus taken into consideration. Consequently, heterogamety of males and homogamety of females were hypothesised (Lygaeus-type of sex chromosome mechanism). Most isopods that have been studied are characterised by chromosomal sex differentiation with both heterogametic systems, XX/XY and ZZ/ZW (Juchault and Rigaud, 1995; Barzotti et al., 2000) , but this is the first time a valviferan with an XX/XY system is described.
Within Valvifera, the two main systems of heterogamety (XY/XX and WZ/ZZ) can now be observed ( Table 2 ). The same Lygaeus-mechanism of sex determination was also observed in Asellus aquaticus (Linnaeus, 1758) with identification of two heterochromatic regions on the Y chromosome of males (Barzotti et al., 2000) . Heterogamety as observed in S. entomon is considered exceptional because poor differentiation of sex chromosomes with a high level of sex factor variation is often observed (Rigaud et al., 1997) . Notably, allosomes in A. aquaticus were present only in 25% of males from wild population, which suggests both the incipient process of sex chromosome differentiation, and suggests several hypotheses for testing concerning the nature and origin of chromosome dimorphism (Barzotti et al., 1997) . In A. aquaticus, the ribosomal genes and the TCC repetitive sequences were detected in numerous copies on the Y chromosome; the lack of similar sequences on the male homomorphic pair suggests that they are not active in sex determination but are rather gender specific (Barzotti et al., 2000) . Sex can also be determined in isopods by non-Mendelian genetic elements such as infection by Wolbachia. Species frequently invaded by such a parasitic sex factor, because of frequent changes in the location of sex determining alleles, would not develop clear sex chromosome polymorphism as modelled by Caubet et al. (2000) . However, S. entomon from the Baltic shows well-developed mitotic and meiotic differentiation Lécher and Solignac, 1975 of heterogamety suggesting more advanced evolution of sex determination within this species in comparison to other Isopoda. The second main heterogamety system, the heterogamety of females ZZ/ZW has also been observed within Isopoda, especially in Paracerceis sculpta (Holmes, 1904) (Shuster and Levy, 1999) and Jaera spp. (Siegismund and Christensen, 1992; Siegismund, 2002) . In Valvifera, ZZ/ ZW system was previously revealed, e.g., Idotea balthica basteri Audouin, 1826 (Trentini and Corni, 1987) . This type of sex differentiation can be explained by the absence of androgen and the inhibition of male gene activity by female genes (Rigaud et al., 1997) . Contrary to female homogamety and male heterogamety (XX/XY), the Abraxas ZZ/ZW system depends on different genetic as well as extrachromosomal factors (Juchault and Rigaud, 1995; Shuster and Levy, 1999) ; because there is no clear phylogenetic constraint on heterogamety in isopods, i.e., coexistence of major heterogametic systems in orders, suborders or families (Table 2) , it could have been recurrently evolving. Evolution of sex-determining mechanisms can be driven by interplay between genomic conflict and population structure, while fixation of sex chromosome heteromorphism can be achieved by a severe population bottleneck leading to suppression of recombination between X and Y chromosomes. Post-glacial colonization and population bottlenecks have already been proposed as potential mechanisms leading to disequilibria in gender associated allele frequencies in opossum shrimp Mysis relicta Lovén, 1862 (Väinölä, 1998 . Different stages in the formation of the Baltic Sea, including the last glaciation period, could impose the suitable conditions for such bottlenecks to occur for S. entomon.
The diploid chromosome number 2n 5 60 established for S. entomon confirmed the data from previous studies (Salemaa and Heino, 1990) . Isopoda are highly polymorphic in terms of chromosome number ( Table 2 ). The karyotype established for S. entomon [56 (m + sm) + 2 st + XX/XY] indicates the dominance of metacentric and submetacentric chromosomes characteristic for isopods and generally most crustaceans. Up to four acrocentric chromosomes are found on the metaphase plates of isopods (Trentini and Corni, 1987) , but very often there is only one identified as in S. entomon. One acrocentric element was also noted in A. aquaticus and Baicalasellus angarensis (Dybowski, 1884), and a hypothesis of interspecific chromosome homology between these two asellids has been suggested (Natyganova et al., 1996) . Such a karyotype represents the apomorphic type, which means that it is not active during the evolution of the species. In contrast, a chromosomal basis for speciation was found within Baicalasellus (Hidding et al., 2003) and Jaera from the western European coast (Lécher and Solignac, 1972, 1975) . One of the most variable isopods in terms of within-species chromosome number is the genus Jaera, where diploid number may vary in males from 18 to 32, particularly in the albifrons-complex, which despite their monomorphic character range from 18 to 28 chromosomes, and in Jaera ischiosetosa Forsman, 1949 , in which the diploid chromosome number varies between 2n 5 26 and 2n 5 32 (Lécher, 1968; Siegismund, 2002) . In the albifronscomplex, a north-south cline in chromosome numbers was observed that occurred after series of Robertsonian rearrangements (Solignac, 1981) . A chromosomal basis for speciation could also occur within Saduria with regard to the species S. entomon, S. megalura (Sars, 1879) , S. sabini (Krøyer, 1849), but the origin of these species is not clear. The role of chromosomal changes such as fusions or fissions as a factor of stasipatric speciation in Saduria requires further investigation. So far, RAPD DNA and allozymes analyses has provided information only on the differentiation between Arctic and Baltic population of S. entomon (Sell, 2006) .
The identification of satellites on the twenty-second pair of submetacentric chromosomes was difficult. This is probably due to the process of decolouration of previously Giemsastained chromosome preparations. However, the results on metaphasic plates indicating the repeated presence of satellites are very promising. In other isopods, satellites were localized on submetacentric chromosomes; in B. angarensis, they were identified on the third and seventh pair of sm chromosomes and in A aquaticus on the sixth and seventh pair of sm chromosomes (Di Castro et al., 1983; Natyaganova et al., 1996) . The hypothesis concerning homology of these chromosomes within two asellids (Natyganova et al., 1996) might be extended to all Isopoda, if more data on NORbearing chromosomes can be provided. Moreover, there was no variation in NOR activity dependent on the stage of spermatogenesis in S. entomon, which is also the case for A. aquaticus (Di Castro et al., 1983) .
